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It may be that additional gauge bosons exist that are associated with unbroken U(1) symmetries; such
bosons might couple to some combination of lepton number, and have thus been coined leptonic photons.
It can be shown that such gauge forces are restricted to coupling to tau minus muon number Nτ − Nμ.
Such gauge bosons can be produced in quantity in the early Universe shortly after the Big Bang. Con-
straints arising from primordial nucleosynthesis data limit the coupling to α′  5 × 10−18, a signiﬁcant
improvement over previous estimates.
© 2009 Elsevier B.V. Open access under CC BY license. 1. Introduction
The current Standard Model is built upon the product of three
gauge forces (and their associated quanta): SU(3) × SU(2) × U(1).
The stunning successes of this model notwithstanding, there is no
a priori reason that additional unbroken gauge couplings should
not exist. The nature of such a force, coupled to a conserved quan-
tity of the Standard Model, is severely constrained by theoretical
limits.
The only conserved quantities available are electric charge,
quark number, and the three lepton family numbers (electron,
muon, and tau numbers Ne , Nμ , and Nτ ). If we exclude conven-
tional electric charge, which is already gauged, and demand that
the new charge be anomaly-free, the choices are further reduced,
namely to one of the three differences between pairs of lepton
family numbers, either Ne − Nμ , Ne − Nτ , or Nμ − Nτ .
Observational evidence restricts our options further. Macro-
scopic objects have net electron number; any force coupling to this
quantum number will produce long-range forces between objects.
Such a force would lead to violations of the equivalence princi-
ple. Deﬁning α′ as the ﬁne-structure constant of the new coupling,
tests of the equivalence principle [1–3] constrain α′  10−49.
1.1. History of leptonic photons
The possible existence of leptonic photons coupled to leptonic
charge e′ was discussed by Okun [4] following a paper of Lee and
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Open access under CC BY license. Yang [5] on hypothetical baryonic photons. It was shown that the
coupling α′ = e′2/4π must be very small (α′  10−49 as compared
to α = 1/137) in order to comply with experimental limits [6–8].
A few years latter α′ on the order of 10−8 to 10−8 was pos-
tulated by arguing that the neutralization of the Earth’s leptonic
charge by ν¯e ’s is almost complete [9,10]. Based on observations
of SN1987A, Gninenko [11] obtained an upper limit of α′  1.6 ×
1011. It was assumed by Okun [3,4] that if leptonic quantum num-
bers corresponding to the three lepton doublets are strictly con-
served, they might carry leptonic charges coupling them to various
electronic, muonic, and tauonic (massless) photons. Various au-
thors have investigated couplings to some or all of these conserved
charges. The most stringent bound on Ne −Nμ or Ne −Nτ coupling
was obtained from the analysis of atmospheric neutrino oscilla-
tions [12].
2. Choice of coupling
In constructing a new theory for a new, unbroken U(1) sym-
metry and its associated ﬁeld, we need a quantum number that is
likewise conserved. Staying within the Standard Model, conserved
quantum numbers are: electric charge Q , quark number Nq , and
lepton number for each species: NE , Nμ , and Nτ .
Both electric charge and quark number are rejected as choices.
Electric charge is already gauged; any additional U(1) symmetry
coupling to it would be indistinguishable from the photon, and
could be absorbed into the photon by a basis change.
Coupling to electron number or quark number is also rejected:
issues of anomalies notwithstanding, macroscopic particles have
J.W. Brockway / Physics Letters B 682 (2010) 342–344 343net electron number; forces coupled to electrons (without can-
celing couplings to protons) would produce long-range forces be-
tween objects. Since this force would be proportional to electron
number, not mass, such forces would lead to violations of the
equivalence principle. Tests [6] place constraints on such a the-
ory on the order of α′  10−50. Quark number suffers from similar
(though less severe) restrictions, and is similarly excluded.
We are left with a choice between, or combination of, Nμ
and Nτ . Since neutrinos carry such quantum number, neutrinos
will couple to our leptonic photons, and in a chiral fashion. Such
chiral couplings can lead to problems at the level of one-loop
corrections: three-gauge-boson terms can acquire a non-zero di-
vergence and lead to violations of gauge invariance. To insure such
anomalous contributions disappear, we must sum over all possible
fermions species circulating through these diagrams – which can
be accomplished by insuring that the fermions (in this case the νμ
and ντ ) are of equal and opposite charge in the theory. In short,
we are limited to a leptonic photon with a measurable coupling to
existing quantum numbers coupling to Nμ − Nτ .
3. Primordial nucleosynthesis
Big-Bang nucleosynthesis is one of the observational pillars of
standard cosmology [13–15]. Among other things, it has been used
to set a stringent limit to the energy density contributed by light
(m  1 MeV) particle species, usually quantiﬁed as the equiva-
lent number of massless neutrino species (≡ Nν ). Increases in en-
ergy density would lead to an overproduction of 4He. Steigman,
Schramm, and Gunn [16] established a limit Nν  4.
In short, primordial abundances are sensitive to the total num-
ber of relativistic (effectively massless) degrees of freedom g∗ .
Since the expansion rate H ∝ g1/2∗ T 2, an increase in the input value
of g∗ leads to a faster expansion rate for a given temperature.
This leads to an earlier freezeout of the neutron-to-proton ratio:
T F ∝ g1/6∗ : freezeout will occur at a higher value, and hence lead
to more 4He (where most of the neutrons will be bound). It is this
dependence of T F which led to the study of limits on additional
light particle species.
3.1. Adding leptonic photons
The introduction of the leptonic photon represents an increase
in g∗ . In the early universe leptonic photons will be kept in ther-
mal equilibrium with the plasma by the Compton process μγ →
μγ ′ (as well as other, less important interactions). If α′ is large
enough, the leptonic photons will remain in local thermal equi-
librium as the temperature drops below the mass of the muon,
at which point the muons annihilate. They will thereby decouple
from the plasma, but the energy density will still contribute to the
expansion rate of the universe. That such an overproduction is not
observed allows a limit to be placed upon α′ .
At lowest order, there are two candidate reactions for mech-
anisms to keep γ ′ ’s in local thermal equilibrium with other par-
ticles: μμ¯ → γ γ ′ and μγ → μγ ′ . The ﬁrst reaction is strongly
suppressed: production from this interaction is proportional to the
square of the muon density, in contrast to the ﬁrst process which
is simply proportional to nμ; the ﬁrst reaction’s contribution will
therefore be ignored.
Similarly, higher-order terms and contributions from tau inter-
actions will be neglected. At worst, γ ′ production will be under-
estimated, lowering the calculated temperature at which the γ ′ ’s
will decouple from the plasma (or freezeout). The limit on α′ will
thus be somewhat conservative.3.2. Freezeout
The entropy densities for each plasma are conserved separately,
and the ratio of the densities will remain constant as the universe
evolves. This will be true from freezeout and up to nucleosynthe-
sis – where T ≈ 1 MeV and (16) is valid. We can calculate what
this ratio is at T F and use it to ﬁnd the temperature T ′ of the lep-
tonic photon background at any time we may be interested in (in
particular, at nucleosynthesis).
The entropy density is dominated by the contribution of rela-
tivistic particles, so that to a very good approximation,
s = 2π
2
45
g∗S T 3, (1)
s′
s
=
(
g′∗S
g∗S
)
T F
, (2)
(
T ′
T
)3
= g∗S
g′∗S
(
g′∗S
g∗S
)
T F
, (3)
where primed quantities refer to the leptonic photon population
and
g∗S =
∑
bosons
gi
(
Ti
T
)3
+ 7
8
∑
fermions
gi
(
Ti
T
)3
. (4)
We are prohibited from adding particles such that the energy
density added at nucleosynthesis exceeds that of a single new
neutrino species [13]. Calculating the effective change in neutrino
species number:
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] 4
3
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where 1ν is the energy density of a single neutrino species and
T0 is the temperature at which nucleosynthesis occurs. We will
require nν  1. Since the γ ′ is massless and g′∗S is independent
of temperature, and (g′∗S)T F = (g′∗S)T0 :
nν = 8
7
[
(g∗S)T0
(g∗S)T F
] 4
3
. (7)
At nucleosynthesis (T ≈ 1 MeV), the only equilibrium species of
non-negligible density are γ , νe,μ,τ , and e± , leading to our value
of g∗S = 10.75. The difference between g∗S(T F ) and g∗S(T0) is
simply the change in effective massless degrees of freedom added
as the temperature is raised:
nν = 8
7
[
10.75
10.75+ g∗S
] 4
3
. (8)
Again, g∗S for massless (or relativistic) particles is not depen-
dent on temperature, so that g∗S is the effective number of spin
states at T F for the μ± , π0, and π±:
g∗S = 15
4π4
∑
i
∞∫
μi
(4ε2 − μ2i )
√
ε2 − μ2i
eε + 1 dε, (9)
where i ranges over the μ± , π0, and π± (gi = 2); ε = E/T and
μi = mi/T . This term is computed numerically. Thus we deduce
T F from (8):
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) 3
4
− 1
]
= 1.132. (10)
This leads to a freezeout temperature of T F = 31.2 MeV.
3.3. Coupling from freezeout temperature
The leptonic photons are taken to be in thermal equilibrium
with the plasma so long as the expansion rate of the universe
(given by the Hubble parameter H) is less than the conversion
rate Γ . After the γ ′ background decouples from the rest of the
universe (at Γ = H), its temperature T ′ and the temperature T of
the remaining particle species will redshift independently as R−1,
where R is the scale factor of the universe. The Hubble parameter
and the reaction rate are given by
H2 = 8π
3
G, (11)
Γ = nμ〈σ |v|〉, (12)
where G = 1/M2Planck is the gravitational constant and  is the en-
ergy density.
The cross section is also temperature-dependent; at low ener-
gies (in the muon’s rest frame) the cross section can be expanded
and averaged over angles to obtain
〈σ |v|〉Ω = 8παα
′
3m2μ
(
1− 2 〈E〉
mμ
+ · · ·
)
, (13)
≈ 8παα
′
3(m2μ + 6mμT )
. (14)
In taking this average, the energy has been replaced by E = 〈E〉 =
3T : the photon distribution is thermal, and the diﬃculty in prop-
erly averaging over the energies motivates such a decision.
Decoupling occurs at H = Γ :
(
αα′
)2 = 3
8π
G
n2μ
(
m2μ + 6mμT
)2
, (15)
where density  and nμ are functions of temperature. The energy
density of a non-relativistic species is exponentially smaller than
that of a relativistic species; it is thus a convenient and good ap-
proximation to include only relativistic species in sums for :
 = π
2
30
g∗T 4. (16)
The quantity g∗ counts the total number of relativistic (effec-
tively massless) degrees of freedom: two for fermions and three
for bosons.Within the period of interest (100 MeV < T < 1 MeV) the
muon is between the relativistic (T  m) and non-relativistic
(T m) limits. While it’s contribution to  is negligible, nμ must
be computed numerically:
nμ = g
2π2
T 3
∞∫
μ
√
ε2 − μ2
eε + 1 ε dε, (17)
where ε = E/T and μ =mμ/T .
For a freezeout temperature T F = 31.2 MeV, α′  5× 10−18.
4. Results
Observed abundances of 4He indicate that no more than one
additional neutrino species may be added (or its equivalent mass-
energy density). The energy density introduced by the inclusion of
a leptonic photon coupling to Nμ − Nτ is equal to that of a single
additional neutrino species when the freezeout temperature is ap-
proximately 31.2 MeV; the freezeout temperature must be equal to
or higher than this value.
An upper limit on the coupling is obtained of
α′  5× 10−18.
This is a signiﬁcant improvement over the best previous limit
of α′  1.7 × 10−11, from Grifols and Massó [17]. There is lit-
tle beneﬁt from improvement on the allowed number of neutrino
species.
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